Constructed wetlands (CWs) and managed aquifer recharge (MAR) represent commonly used natural treatment systems for reclamation and reuse of wastewater. However, each of these technologies have some limitations with respect to removal of different contaminants. Combining these two technologies into a hybrid CW-MAR system will lead to synergy in terms of both water quality and costs. This promising technology will help in the reduction of bacteria and viruses, trace and heavy metals, organic micropollutants, and nutrients. Use of subsurface flow CWs as pre-treatment for MAR has multiple benefits: (i) it creates a barrier for different microbial and chemical pollutants, (ii) it reduces the residence time for water recovery, and (iii) it avoids clogging during MAR as CWs can remove suspended solids and enhance the reclaimed water quality. This paper analyzes the removal of different contaminants by CW and MAR systems based on a literature review. It is expected that a combination of these natural treatment systems (CWs and MAR) could become an attractive, efficient and cost-effective technology for water reclamation and reuse.
INTRODUCTION
There is a growing pressure on water resources worldwide, resulting from high population growth and thus increasing water demands. Nowadays, treated wastewater effluent is well accepted as one of the important water resources in many parts of the world. Treated wastewater has the potential to become an important water source for different purposes, but the quality of the treated wastewater is often a potential constraint, depending on the specific (re)use.
Natural wastewater treatment systems, namely, constructed wetlands (CWs) and managed aquifer recharge (MAR) which comprises aquifer recharge and recovery (ARR), soil aquifer treatment (SAT), and river bank filtration (RBF), are simple, cost-effective, robust, chemical-free, and efficient methods to further polish wastewater effluents.
Their extreme simplicity in construction, operation and maintenance makes these natural systems competitive with conventional wastewater treatment methods (Sharma & Amy ).
Bank filtration (BF) can be considered to be a robust treatment system able to maintain its active processes through extreme scenarios such as temperature changes, high contaminant concentration peaks, and shorter residence times due to flood events (Schmidt et al. ) .
CWs are engineered systems that have been designed and constructed to utilize the natural processes involving wetland vegetation, soils, and associated microbial assemblages to assist in treating wastewaters. They are designed to take advantage of many treatment mechanisms that occur in natural wetlands, but do so within a more con- 
ORGANIC MATTER AND SUSPENDED SOLIDS REMOVALS
CWs and MAR are very effective in total suspended solids (TSS) removal (Table 1) . In both systems, most of the removal occurs within the first few meters of travel distance from the inlet zone. Adsorption and biodegradation are considered to be the dominant removal processes in these systems (Maeng et al. ) . TSS in wastewater effluent is usually relatively fine and in organic form (sewage sludge, bacteria, floes, algal cells, etc.). The main constituent that must be removed from the effluent before it is applied to a SAT system is TSS due to infiltration basin clogging. However, a higher biochemical oxygen demand (BOD) content would also result in somewhat lower hydraulic loading rates (HLR) for the SAT system and would require more frequent basin cleaning. Thus, using CWs as a pre-treatment for ARR and SAT systems will Figure 1 . This removal could be enhanced up to 80% for a longer distance as shown in Table 2 . Chung et al. () found that a 72%
removal of DOC could be achieved within 5 days of hydraulic residence time (HRT) through a subsurface flow horizontal CW.
Hybridization between these two systems will enhance the DOC removal and also reduce the residence time, as shown in Figure 2 .
NITROGEN AND PHOSPHORUS REMOVAL
Nitrogen species present in wastewater usually include various forms of organic and inorganic nitrogen (ammonium, nitrite and nitrate). Significant nitrification and subsequent denitrification normally occur and remove nitrogen through the treatment systems.
Nitrogen removal has been observed through CWs and MAR systems. Table 3 shows the removal efficiencies for different nitrogen species in a BF system.
It was found that 40-70% removal could be achieved for different nitrogen species in different types of CWs, as shown in Table 3 . VF CWs are more efficient in The synergy between these two systems will be useful to enhance nitrogen removal, as shown in Figure 3 .
High ammonia removal can be achieved if VF CWs are used before MAR and generate nitrate. However, using HF CWs before MAR and after VF CWs will enhance the removal of all nitrogen and phosphorus species. 
METALS REMOVAL
During water percolation through soil, trace elements such as iron, manganese, and various heavy metals are eliminated by filtration and sorption processes. In an aerobic environment, ion exchange processes at negatively charged surfaces can achieve removal, while in an anoxic environment, the removal of metal ions is dominated by precipitation reactions with sulfide. Plant uptake was also found to be an influential removal process in CWs (Cheng et al. ) .
Several metals show very high removals through BF, such as iron and chromium, while others show high removals through both systems, such as zinc. However, metals removals can be clearly enhanced through the combined system (e.g. Cd, Pb, Cr and Fe), as shown in Figure 5 , although some metals show some persistence for the CW-MAR hybrid system such as selenium, tin and silver. Table 4 . However, the hybrid system is expected to guarantee high reduction of both Giardia and Cryptosporidium as shown in Figure 6 .
PATHOGEN REMOVAL
MAR and CW systems are very efficient in microorganism removal, as shown in Table 5 . The combination will substantially reduce their risk. Generally, MAR shows better removal for all types of viruses than CWs as shown in Table 6 .
Synergetic effect between the two processes will enhance virus removal and reduce risks. 
FUTURE RESEARCH AND PRACTICAL APPLICATION FOR THE CW-MAR HYBRID SYSTEM
This review indicates that the hybrid CW-MAR system could be an effective multi-barrier technology and the removal efficiencies for different contaminants can be maximized in such hybrid systems. Such a hybrid can enhance the Giardia 2 1.6
Giardia 2 1.9
Cryptosporidium 1 0.5
Cryptosporidium 1 1 Figure 6 | Giardia and Cryptosporidium removal through CWs and MAR systems. 
